OBJECTIVE: Central obesity is associated with disturbances of hypothalamic-pituitary-adrenocortical (HPA) axis function. We investigated whether central adiposity indexed by waist/hip ratio is related to cortisol responses to waking and other measures of salivary cortisol over the working day. PARTICIPANTS: In total, 89 men and 83 women aged 47-59 y recruited from the British civil service. All were members of the Whitehall II epidemiological cohort. METHODS: Saliva samples were collected on waking, 30 min later, and then at 2-h intervals from 0800-0830 to 2200-2230. A strict procedure for excluding individuals who did not adhere to the sampling schedule was applied. RESULTS: Waist/hip ratio in men was positively correlated with the cortisol response to waking (30 minFwaking value) after adjusting for age, socioeconomic position, smoking status, alcohol consumption, time of waking, and cortisol level on waking (r ¼ 0.29, P ¼ 0.009). The cortisol response to waking was negatively related to high-density lipoprotein (HDL) cholesterol (r ¼ À0.25) and positively with total/HDL cholesterol ratio (r ¼ 0.25). Associations between the decline in cortisol over the day and waist/hip ratio, HDL cholesterol and total/HDL cholesterol ratios were also significant. No associations were significant in women, and body mass index was unrelated to cortisol. CONCLUSIONS: The cortisol response to waking is a dynamic indicator of HPA function that has previously been related to chronic psychological stress. These results confirm a recent Swedish study, and indicate that cortisol responses to waking may be indicative of neuroendocrine disturbance in central obesity.
Introduction
There is growing evidence that disturbances in cortisol and hypothalamic-pituitary-adrenocortical (HPA) axis function are involved in central or abdominal obesity. Cushing syndrome and subclinical Cushing's (both of which are characterised by elevated cortisol output) are associated with increased waist/hip ratio, risk of insulin resistance, dyslipidaemia and cardiovascular disease risk.
1 Impaired dexamethasone suppression of cortisol is associated with obesity in women 2 and with waist/hip ratio in men. 3 Cortisol responses to administration of corticotrophinreleasing factor/arginine-vasopressin are positively associated with central obesity in both men and women, 4, 5 suggesting hyperactive secretory responses. In addition, peripheral metabolic clearance of cortisol is increased in obesity. 6, 7 This may be due to altered function of hepatic enzymes, since inactivation of cortisol in the liver by 5a-reductase is increased, 8 while regeneration of cortisol from cortisone by hepatic 11b-hydroxysteroid dehydrogenase type I is impaired. 9 It has been proposed that heightened cortisol responses to mental stress contribute to HPA dysregulation in central obesity, 10, 11 but studies measuring cortisol levels have produced inconsistent results. 24-h cortisol excretion has been positively associated with central adiposity in some studies 12, 13 but not others. 8, 14 A negative relationship between waist/hip ratio and plasma cortisol sampled in the morning between 0800 and 0900 has been described, 8, 14, 15 while no effects have been observed in other studies. [16] [17] [18] One possible explanation is that cortisol output at certain times of day is relevant. The salivary cortisol response to waking has been identified as a marker of neuroendocrine regulation that may be influenced by psychological stress and other factors. 19 Most people show an increase in cortisol after waking up, peaking at 20-30 min. The magnitude of this response to waking is positively related to work stress, 20, 21 depressive symptoms, 22 recovered depression, 23 and low socioeconomic status. 24 Blunted cortisol responses to waking may be characteristic of other states of chronic stress such as burnout. 25 Recently, Wallerius et al 26 reported
that the cortisol response to waking was positively correlated with waist/hip ratio, suggesting that this marker of cortisol dysregulation may mediate stress influences on central adiposity. The cortisol response to waking was also positively related to body mass index (BMI) and to fasting glucose, insulin and triglyceride levels. However, the study was small (n ¼ 28) and only involved men. We therefore analysed the relationship between waist/hip ratio, BMI and cortisol responses to waking in a larger sample of men and women. Associations were controlled statistically for other factors that might affect cortisol responses, including age, socioeconomic position, smoking, alcohol consumption and time of waking up. Particular attention was paid to identifying participants who failed to provide samples at the required time points, since delayed measurements after waking compromise the assessment of this response. 27 We also analysed associations between waist/hip ratio and cortisol values obtained at later times over the working day, and the slope of cortisol decline over the day.
Methods
Participants Data were collected from 196 men and women aged 47-59 y, who were part of a larger study aimed primarily at assessing psychobiological correlates of socioeconomic position. 28, 29 All were part of the Whitehall II study, a prospective epidemiological study of 10 308 London-based civil servants designed to investigate demographic, psychosocial and biological risk factors for coronary heart disease. 30 They were drawn systematically from higher and lower occupational grades, and were all based in the London area, not planning to retire for at least 3 y, had no history of coronary heart disease, no cancer in the last 5 y, and no diagnosis or treatment for hypertension or psychiatric illness. None of the participants were diabetic, and glycated haemoglobin did not exceed 6.5%. We have previously reported that cortisol responses to waking and cortisol levels over the day are related to socioeconomic position, so this factor was included as a covariate in the analyses described here.
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Measures
Cortisol was assessed from saliva samples collected using cotton dental rolls (Salivettes, Sarstedt, Leicester, UK), and analysed using a time resolved immunoassay with fluorescence detection. 31 Intra-and interassay variability was o10 and 12% respectively. Saliva samples were collected on a typical working day on waking up, 30 min later, and then within eight 30-min time windows through the day and evening (0800-0830, 1000-1030 y 2200-2230). Participants also stated the time they woke up and the times at which each sample was obtained. Tubes were returned to the investigators personally or by post. Anthropometric and blood measures were taken by a research nurse in the laboratory on a different day. Height was measured using the Frankfort plane to standardise the measurement. Body weight was measured to the nearest 0.1 kg. BMI was calculated as weight in kilograms divided by height in metres squared. The waist circumference was measured midway between the lowest rib and iliac crest, and the hip circumference was measured at the level of the great trochanters. Nonfasting blood samples were drawn on the same occasion for the assessment of total cholesterol and high-density lipoprotein (HDL) cholesterol, from which the total/HDL cholesterol ratio was calculated. Smoking and alcohol consumption were assessed by questionnaire, and participants were classified as smokers or nonsmokers, and according to whether they consumed alcohol on a daily basis or less frequently.
Statistical analysis
Complete saliva free cortisol sequences over the day were obtained from 189 participants. The cortisol response to waking was indexed by the difference between values obtained on waking and 30 min later. Recent studies indicate that cortisol response to waking may be incorrectly assessed if participants do not obtain the first sample immediately after waking. 27 A delay in the waking sample means that the response will have already begun prior to the first measure, so the increase over the next 30 min will be attenuated. Compliance with the waking sampling protocol was judged by computing the difference between the time participants stated they had woken up, and the time they stated that the first saliva sample had been taken. Participants showing a difference of more than 10 min were excluded. We have shown elsewhere that people delaying more than 10 min show virtually no cortisol response to waking, compared with those who take samples faithfully. 24 Extreme outliers were also omitted, leaving 172 individuals (89 men, 83 women) for analysis. Exclusions did not vary by sex, socioeconomic position or waist/hip ratio. Five cortisol parameters were analysed: cortisol on waking, the cortisol response following waking (30 minFwaking value), the average over the day (all values between 0800 and 2230), the evening minimum (the lower of the values recorded at 2000-2030 and 2200-2230), and the slope of cortisol decline over the day. The latter was computed as the difference between cortisol measured 30 min after waking and the minimum evening value. Cortisol responses to waking can be influenced by age, socioeconomic position, smoking, alcohol consumption, and time of waking Central adiposity and cortisol responses to waking A Steptoe et al up. 19, 32, 33 Associations between cortisol parameters, waist/ hip ratio and other measures were therefore analysed using partial product-moment correlations, controlling for these factors. Men and women were analysed separately. Levels of corticosteroid-binding globulin (CBG) are influenced by hormone levels in women, and could thereby affect concentrations of free cortisol. 34 We therefore included the use of hormone replacement therapy as an additional covariate in the analysis of women.
Results Table 1 summarises the characteristics of men and women in this study. There were no gender differences in age, socioeconomic position, smoking, alcohol consumption, or BMI. Waist/hip ratios were greater on average in men than women (Po0.001), ranging from 0.75 to 1.09 in men, and from 0.62 to 1.46 in women. Total cholesterol levels did not differ, but HDL-cholesterol was lower (Po0.001) and the total/HDLcholesterol ratio higher (Po0.001) in men than women. Men and women did not differ in the time they woke up in the morning. The cortisol data are summarised in Figure 1 . Salivary cortisol on waking was significantly higher in men than women (means 20.4711.4 vs 17.179.3 nmol/l after adjusting for age, socioeconomic position, smoking status and waking time, P ¼ 0.044). The cortisol response to waking was somewhat greater in women than in men (P ¼ 0.057), with increases adjusted for covariates of 11.5711.7 nmol/l in women and 7.16716.9 nmol/l in men. The average salivary cortisol over the day was higher in men (P ¼ 0.04), and the minimal value recorded in the evening also tended to be higher in men (P ¼ 0.058). However, the slope of cortisol decline over the day did not differ significantly in men and women. The cortisol response to waking was positively correlated with cortisol averaged over the day in men (r ¼ 0.30, P ¼ 0.005), but not women (r ¼ 0.15, P ¼ 0.19). There was no significant association between cortisol responses to waking and values recorded in the evening.
Waist/hip ratio was positively correlated with the cortisol response to waking in men but not in women. As can be seen in Table 2 , the partial correlation between waist/hip ratio and the cortisol response to waking was 0.29 (P ¼ 0.009) in men, adjusted for age, socioeconomic position, smoking, time of waking, and cortisol level on waking. The cortisol response to waking was negatively associated with HDLcholesterol (partial r ¼ À0.25, P ¼ 0.024), and positively related to total/HDL-cholesterol ratio (partial r ¼ 0.25, P ¼ 0.024) in men but not in women. By contrast, waist/ hip ratio and lipid levels were unrelated to cortisol recorded on waking, cortisol measured over the day, and the minimum recorded in the evening.
Findings for the cortisol slope over the day paralleled those for the cortisol response to waking, showing positive associations with waist/hip ratio (partial r ¼ 0.28, P ¼ 0.012) and total/HDL-cholesterol ratio (partial r ¼ 0.25, P ¼ 0.026), and a negative relationship with HDL-cholesterol (partial r ¼ À0.24, P ¼ 0.030). However, this association with cortisol slope was secondary to the differences in cortisol responses to waking. When the slope of cortisol change over the day was calculated either as the difference between waking and evening values, or between values obtained at 0800-0830 and the evening, there were no relationships with waist/hip ratio or lipids. Central adiposity and cortisol responses to waking A Steptoe et al BMI was unrelated to cortisol parameters in men, and none of the associations were significant in women.
Discussion
The results of these analyses confirm the findings presented by Wallerius et al, 26 in that cortisol responses to waking were positively associated with central adiposity in men, as indexed by waist/hip ratio. The average age of male participants (52.5 y) was very similar to that (53 y) in the Swedish sample. The correlations presented by Wallerius et al were unadjusted, but in these analyses the association remained significant after controlling for factors that are known to influence the cortisol waking response, namely age, socioeconomic position, smoking, alcohol consumption, and time of waking. We used a strict procedure for excluding individuals who did not adhere to the sampling schedule. We also observed associations between cortisol responses to waking and lipids, with greater responses in participants with lower HDL and higher total/HDL ratios. This suggests that greater cortisol responses to waking are associated with metabolic factors that are implicated along with central obesity in the metabolic syndrome. Lipid measures were not taken in a fasting state, so associations with factors such as triglycerides that were assessed by Wallerius et al 26 were not tested in our study.
It is interesting that waist/hip ratio was associated with cortisol responses to waking but not with cortisol recorded over the working day. As noted previously, several studies have shown either no association or negative associations between central obesity and plasma cortisol sampled in the morning. 8, 12, [14] [15] [16] [17] The present findings endorse the hypothesis that the cortisol response to waking represents a dynamic indictor of HPA function as opposed to the resting or basal levels recorded later in the morning. Additionally, most studies of plasma cortisol sampling between 0800 and 0900 have not controlled for time of waking up. The cortisol decline over the day is related to time of waking, since it commences about 45 min after waking; people who wake at 0600, for instance, are likely to have lower levels at 0800 than those who wake at 0700. This factor needs to be measured and controlled in assessments of 'basal' cortisol. Associations were observed between the cortisol decline over the day and waist/hip ratio and adverse lipid profiles in men. Rosmond et al 35 have argued that central obesity is related to flattened cortisol slopes over the day and to stressrelated perturbations in cortisol secretion. We were unable to confirm this effect, and indeed the reverse association was observed. However, as noted in the results section, the relationship of waist/hip ratio with the cortisol change over the day was secondary to the association with the morning cortisol response. Several different methods of assessing salivary cortisol variability over the day have been devised. [35] [36] [37] We used simple difference scores to estimate cortisol changes, and found that when the slope was assessed either from waking values or from samples taken at 0800-0830, no relationship with waist/hip ratio was present. Other analyses (not detailed here) utilising more elaborate indices such as the root mean square of successive differences also showed no association with waist/hip ratio. A recent study of adults over 65 y old reported similar null effects, 37 and no association between cortisol measured in the afternoon or evening and the metabolic syndrome was described by Brunner et al. 38 We therefore conclude that associations with central adiposity are more consistent for cortisol responses to waking than for other parts of the diurnal cycle.
No associations between cortisol and central adiposity were recorded in women. The explanation for this pattern is not clear. A number of differences between men and women in the involvement of HPA function in central obesity have been described, and it has been proposed that differential responses to androgens are responsible. 10 All the women in this study were postmenopausal, but the use of hormone replacement treatment did not affect responses. One factor that may be important is that men tend to have larger visceral fat depots than women. Since the density of glucocorticoid receptors is greater in visceral than other adipose tissue regions, 39 the influence of cortisol dysregulation may be accentuated. Additionally, cortisol increases following waking may be more sensitive to environmental exposures in the men than women. 22 However, it should also be noted that cortisol responses to acute mental stress have been consistently related to waist/hip ratio in studies of women, 12, 40, 41 but in men one study observed such an effect while another did not. 14, 42 This study has several limitations. The sample consisted of working men and women of Caucasian origin within a limited age range, and results may not generalise to other groups. Central adiposity was assessed using surface anthropometric measures, and although these were highly standardised we did not have more direct indices of fat distribution available. Cortisol was only sampled in the waking state, and sleep time was not measured. Sleep loss and nocturnal cortisol changes may be relevant to the profile of cortisol responses to waking. 43 The free cortisol in saliva was assessed. Much of circulating cortisol is bound by CBG, and CBG levels may themselves be affected by stress. 44 The measures of lipids were obtained from nonfasting blood samples, and this may have introduced a bias into the analyses of associations with cortisol. Nonetheless, our findings confirm the previously described association between cortisol responses to waking and central adiposity in a larger sample of men, and indicate that this aspect of cortisol dynamic may be particularly interesting in the investigation of neuroendocrine dysfunction in central obesity.
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